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Ah  strict:  The  vapour  phase  deposition  of  4.4  Oxy  dianiline  (ODA)  and 
Pyroaeliitic  dianhydride  (PMDA)  on  a  polycrystalline  silver  substrate  was 
studied  using  X-ray  photoelectron  spectroscopy.  Adsorption  of  the  pure 
components  on  the  dean  substrate  at  room  temperature  results  in  partial 
fragmentation  of  the  adsorbate  molecules.  Bonding' to  the  silver  is  believed 
to  occur  via  the  oxygens  in  the  ODA  and  PMDA  fragments.  Room 
temperature  codeposition  of  PMDA  and  ODA  in  a  thin  (-36  A)  layer, 
followed  by  heating,  led  to  polymerization  and  the  formation  of  an 
ultra-thin  (-11  A)  and  thermally  stable  (T<450^fpolyimide  film.  Adhesion 
of  this  polymer  involves  chemical  bonding  to  the  fragments  of  PMDA  and 
ODA  initially  chemisorbed  on  the  surface.  These  experiments  demonstrate 
that  sufficiently  thin  polymerized  films  can  be  prepared  and  applied  to 
fundamental  studies  of  adhesion. 


'Permanent  address  Cavendish  Laboratory,  Department  of  Physics, 
University  of  Cambridge,  Cambridge  CB3  OHE,  England 


Polyimides  (PI)  are  a  class  of  high  temperature  polymers  that  exhibit 
a  unique  combination  of  thermal  stability,  high  softening  point  and  easy 
processibility  into  coatings  or  films  This  coupled  with  excellent  electrical 
and  chemical  resistance  have  made  them  increasingly  attractive 
technologically.  The  most  popular  polyimides  are  those  formed  by  the 
reaction  of  4.4  -diaminodiphenyl  ether  (oxydianiline  (ODA))  and  1, 2.4.5 
benzene tetracarboxylic  anhydride  (pyromellitic  dianhydride  (PMDA))  (see 
Figure  1 )  In  microelectronic  device  applications  (1-31  particularly,  these 
have  become  popular  in  both  packaging  (eg.  alpha  particle  barriers, 
protective  overcoats  in  passivation  layers)  [4-61  and  as  insulating  interlevel 
dielectrics  (eg.  pattern  delineating  material)  17-91. 

The  successful  adhesion  between  PI  and  metals  is  an  integral  part  of 
these  applications.  Thus,  understanding  the  factors  which  contribute  to  the 
adhesion  properties  is  of  fundamental  interest.  In  the  absence  of 
extrafacial  inhomogeneity  (eg.  stress  free  films)  the  strength  of  the 
adhesive  couple  is  dependent  directly  on  the  physics  and  chemistry  of  the 
polymer/ metal  interface  1 101.  This  has  prompted  a  number  of 
investigations  to  probe  the  microscopic  origins  of  the  bonding.  Utilizing 
surface  science  techniques  such  as  X-ray  and  ultraviolet  photoemiasion 
spectroscopy,  the  electronic  core  and  valence  structure  of  such  PMDA -ODA 
polymer/metal  interfaces  have  been  studied  ill -161. Other  possibilities 
with  spectroscopic  techniques  such  as  TEM  (171.  RBS 1181  and  EELS  1 19.201 
have  also  been  examined. 

At  present,  studies  involving  metallized  plastics  have  provided  the 
main  source  of  chemical  information.  Here  a  thin  metal  film  is  in  contact 
with  a  much  thicker  (usually  bulk)  polyimide  phase. 

Room  temperature  metal  deposition  of  chromium  led  to  covalent 
bonding  to  the  P!  substrate  believed  to  be  through  fracturing  of  the 
carbonyl  groups  111-14)  and  subsequent  formation  of  a  carbide  like  carbon 
species  (14!  Similarity,  other  electropositive  metals  such  as  aluminium 


114  211.  titanium  lib}  and  nickel  ill!  also  appear  to  react  through  this 
carbonyl  entity.  Copper  11 1.1 3. 151  and  silver  ll  11.  however,  show  only  a 
weak  interaction  with  the  oiygen  in  the  ether  part  of  the  chain  The 
method  used  to  prepare  the  interface  is  of  paramount  importance.  In 
aluminium,  titanium  and  chromium  cases  there  is,  for  example,  a  coverage 
dependence  in  the  bonding  mechanism  observed. 


E 


The  other  possible  interface  configuration  is  that  of  a  polymer  film  on 
a  bulk  metal  surface.  A  paucity  of  reported  data  reflects  the  difficulty 
associated  with  producing  sufficiently  thin  films.  The  latter  constraint  is 
usually  set  by  the  analysis  technique.  In  most  cases  suitable  surface 
sensitive  methods  are  based  on  electron  spectroscopy.  Electron  conduction 
away  from  the  interface  and  out  to  the  vacuum  for  analysis  therefore 
requires  that  insulating  films  be  relatively  thin  (<100  A). 

Intimately  associated  with  the  physical  and  chemical  properties  of 
these  different  interface  configurations  is  the  the  vay  in  which  they  are 
formed  This  can  generally  be  divided  up  into  (a)  spin  coating  of  the 
organic  film  (usually  as  the  add  precursor  in  solvent)  or  (b)  vapour 
deposition. 

In  method  (a)  the  polymer  precursor  (in  solvent)  is  spin  coated  onto  a 
supported  metal  film,  prior  to  curing  and  the  formation  of  the  polymer. 
Pi/copper  interfaces  formed  in  this  way  (221  have  been  shown  to  produce 
a  marked  increase  in  the  peel  strength  compared  to  metal  deposition  onto  a 
fully  cured  polyimide  substrate  The  precursor /substrate  reaction  is 
apparently  much  stronger  as  compared  to  the  Pi/substrate  where  the 
polymer  is  fully  cured  prior  to  metal  deposition. 

The  principles  of  solventless  preparation  of  polyimide  Tilms  (method 
ibu  were  first  described  in  the  production  of  thick  (>l|im)  films  |231  Since 
the  thermochemical  characteristics  of  PI  essentially  preclude  its  vapour 
deposition,  the  constituents  w'hich  make  up  the  particular  polyimide 
polymer  are  codeposited  on  the  substrate.  Under  conditions  of  carefully 
controlled  temperature  the  adsorbed  film  will  react,  in  situ,  to  form  the 
polvmer  The  preparation  of  thin  films  of  polyimide.  formed  m  this 


manner,  and  u  hich  are  amenable  to  interface  studies,  have  only  recently 
been  reported  124.251 

It  is  clear  from  the  above,  that  a  complete  definition  of  the  interface 
and  its  preparation  requires  careful  consideration.  This  is  particularly  so  if 
any  valid  comparisons  are  to  be  made  between,  for  eiampie.  different 
metals  The  fundamental  variations  between  each  type  of  interface  will 
essentially  reflect  the  electronic  and  therefore  chemical  properties  of  the 
bulk  metals  as  compared  to  those  ol  metal  atoms,  clusters  or  very  thin 
metal  films.  However,  the  formation  of  the  polymer  (from  precursor  in 
solvent  or  vapour  codeposited  constituents)  will  also  play  a  significant  role 
in  determining  specific  bonding. 

The  following  study  was  initiated  to  investigate  vapour  deposited 
PI /metal  interfaces.  PMDA-ODA  polyimide  films  on  a  polycrystalline  silver 
substrate  were  studied  using  X-ray  photoetectron  spectroscopy  (XPS).  The 
suitability  of  the  latter  as  a  probe  of  the  interface  has  already  been 
successfully  demonstrated  with  reference  to  the  eitensive  information 
obtained  from  tboee  of  metallised  plastics  described  earlier.  The  results  of 
ultra-thin  (monolayer  and  sub  monolayer)  and  thin  (monolayer  <  thickness 
'  -8  na)  vapour  deposited  films  are  eiamined. 

The  organization  of  the  following  analysis  is  reflected  in  the  reaction 
pathway  for  the  formation  of  PI  as  described  in  Figure  1.  The  numbers  in 
the  structural  formulae  are  given  to  facilitate  an  interpretation  of  the  x-ray 
photoelectron  spectra.  The  ability  to  experimentally  isolate  the  various 
steps  with  these  preparation  methods  leads  to  a  greater  understanding  of 
the  underlying  processes  which  produce  adhesion.  It  also  presents 
additional  insight  into  the  mechanism  of  the  ensuing  imidization 

i  EXPERIMENTAL 

The  experiments  were  carried  out  in  an  arrangement  consisting  of 
three  separate  vacuum  chambers  These  were  capable  of  (relatively)  high 
pressure  (10  ^-16  bari,  high  vacuum  < to  10'9  mbar)  and  UH V 
<  10' 1 1  rabar>  conditions,  respectively  They  were  connected  via  a  sample 


i 


transfer  rod  which  supported  the  polycrystalline  silver  sample  <  1  2  cm^) 
and  was  equipped  with  both  cooling  and  resistive  heating  facilities  The 
temperature  was  monitored  by  a  chromel-alumel  thermocouple. 

Sample  cleaning  prior  to  film  deposition  was  carried  out  in  the  high 
pressure  chamber  by  oxidation  in  0.5  mbar  of  oxygen  at  400°G  (to  remove 
residual  carbon)  followed  by  flashing  to  temperatures  of  550°C. 
Alternatively,  argon  ion  bombardment  was  used  prior  to  annealing  at 
temperatures  of  up  to  400°C  for  10  minutes. 

The  organic  vapour  sources  consisted  of  two  small  quartz  tubes  (50 
mm  length.  5  mm  diameter)  containing  the  crystalline  PMDA  and  ODA 
(Aldrich  Gold  Label)  respectively.  Thin  tungsten  wire  was  coiled  around 
each  tube  which  was  subsequently  encased  in  a  ceramic  block.  The  latter 
supported  both  the  wire  (heated  reaistively)  and  alto  a  t  type 
thermocouple  which  was  inserted  through  the  mouth  of  each  tube. 
Deposition  was  carried  out  in  the  high  vacuum  chamber  with  the  sample 
held  at  room  temperature.  Optimum  conditions  were  obtained  for 
sublimation  temperatures  between  100QC  and  1 50°C  with  concomitant 
pressures  of  2x1  O'6  to  8x1 O'6  mbar.  Ultra-thin  films  could  be  deposited  in 
less  than  3  minutes.  Prior  to  deposition,  the  materials  were  degassed  for 
thirty  minutes  at  - 1 20°C. 

In  comparison  to  a  similar  study  with  very  thick  (>l|im)  films  (231. 
this  present  arrangement  for  code  post  ion  of  organic  vapour  was 
significantly  simpler  in  design.  In  particular,  it  avoided  the  necessity  or  a 
mixing  chamber  prior  to  deposition.  No  effort  was  made  to  maintain  a 
stoichiometric  mixture  of  vapour  fluxes  during  the  experiments 

The  XPS  experiments  were  carried  out  in  the  UHV  chamber.  The 
spectrometer  contained  a  Leybold-Heraeus  EA1 1  hemispherical 
electrostatic  electron  analyser  and  a  MgKg  x-ray  source  operated  at  100  W 
The  sample  could  be  routed  relative  to  the  analyser  to  facilitate  depth 
profiling  by  angular  variation  in  the  core -level  photoemission  intensities. 
An  experimental  resolution  of  0  92eV  was  measured  using  the  Ag  3d 
emission.  The  electron  binding  energies  were  calibrated  against  the  Au 


'll 7/2  emission  at  E[j-  M  eV 


Data  was  analyzed  with  a  least  squares  fitting  routine.  This 
decomposed  each  spectrum  into  individual  Gaussian  peaks  and  assumed  a 
linear  background  over  the  energy  range  of  the  fit.  All  peaks  were 
constrained  to  have  the  same  FWHM.  This  together  with  peak  position, 
height  and  background  slope  were  optimized  to  accurately  model  the 
experimental  spectra  In  tlK  shake-up  regions  peaks  are  fitted  arbitarily  to 
facilitate  integration 

2  SEMI-QUANTITATIVE  ANALYSIS 


The  semi-quantitative  analysis  of  XPS  spectra  arising  from  the  organic 
depositions  on  the  silver  substrate  essentially  involves  the  determination 
of  binding  energies,  together  with  the  assessment  of  peak  areas  and 
subsequent  composition  ratios.  The  latter  were  calculated  from 


Nl  Ii  «2 

N2  l2  o, 


m-0.73 
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Here  N  is  the  number  of  atoms/unit  area  with  core  level  intensity  1 
>  proportional  to  the  area  under  the  peak)  for  species  1  and  2  The 
photoelectron  excitation  cross  sections,  c,  are  100,  285  and  177  for  Cls,  Ols 
and  Nls,  respectively  1261.  The  electron  mean  free  pathlengths  for  organic 
materials  and  the  transmission  of  the  electron  spectrometer  (E°  73)  are 
functions  of  electron  kinetic  energy  E.  A  combination  of  these  leads  to  the 
form  shown  in  ( 1 ).  Values  for  m  of  zero  and  0.7 1  refer  to  the  limit  for  ultra 
-thin  and  thick  films,  respectively  !27j. 


The  contribution  that  final  slate  effects  such  as  shake-ups  will  have  on 
the  integration  are  discussed  in  a  recent  publication  with  respect  to  thick 
vapour  deposited  films  (27J  Since  shake-ups  effectively  borrow*  intensity 
from  the  primary  peaks,  uncertainties  arise  in  apportioning  these 
additional  intensities  This  leads  to  errors  in  defining  accurate  peak  ratios 
within  a  single  species  For  example  in  a  typical  PMDA  Cls  spectrum 


Cl  C2  -  ( ljcj  j  ♦  l|su  ill  (,|C2r  !|xP 


(2 1 


where  x  is  the  part  of  the  total  shake-up  intensity  (su)  that  arises  from  the 
C2  Since  the  shake-ups  have  been  found  in  some  instances  to  be  17%  of 
the  total  integrated  area  127]  they  can  make  a  significant  difference  to  the 
calculated  ratio  In  PMOA  this  would  change  a  stoichiometric  Cl  :  C2  ratio  of 
3  2  from  2:2  (i-su)  to  4:2  (x-0).  Calibration  spectra  are  used  to  more 
accurately  assign  the  actual  shake-up  region.  In  addition,  the  thin/thick 
film  limit  described  earlier  is  usually  large  enough  to  incorporate  any  such 
errors  In  the  assessment  of  composition  ratios  of  different  species  (eg.  C : 

Oi  this  is  not  a  problem  since  the  total  area  under  all  peaks  together  with 
final  state  effects  are  included  in  a  composite  value  for  the  intensity  I 


The  determination  of  absolute  binding  energies  is  complicated  by 
charging  within  the  film.  The  general  trend  in  shifting  of  the  peaks 
towards  higher  binding  energies  with  increasing  film  thickness  can  be 
explained  by  a  decrease  in  the  final  state  screening  of  the  photoionized 
molecule  by  metal  electrons  in  the  thicker  films.  Because  of  the 
indeterminate  contribution  of  charging  in  this  shift  relative  to  the  film 
thickness,  no  corrections  were  made. 


Film  thickness  (d)  was  calculated  from  the  attenuation  of  the  Ag  3d 
intensity  as 


d  -  -rLn  ( I/I0) 


(3) 


where  r  is  the  mean  free  path  length  of  the  Ag  3d  photoelectrons  in  the 
overlayer  and  l0  is  the  intensity  measured  on  a  clean  surface.  The  main 
assumptions  inherent  in  (2)  are  the  continuity  and  homogeneity  of  the  film. 
Neither  are  exactly  satisfied  in  the  following  experiments.  The  intensity  of 
the  E^=351  eV  (at  Eg=902.6  eV  in  Figure  2)  silver  Auger  transition,  as 
compared  to  the  Ag3d  intensities  at  Eg-367.9  and  373 .9  eV,  indicates  a 
degree  of  discontinuity  in  the  vapour  deposited  ultra-thin  films.  This  is 
clearly  seen  in  the  wide  scan  spectrum  (Eg*0  to  1000  eV).  drawn  in 
Figure  2.  for  an  ultra-thin  PI  film  on  polycrystalline  silver  With  respect  to 
thicker  films  (where  at  least  the  continuity  requirement  is  satisfied  I 


equation  <3>  will  be  used 


Uncertainties  in  the  choice  of  r  have  been  adlressed  previously  1271 
The  important  consideration  is,  however,  the  correct  order  of  magnitude 
for  r  rather  than  any  absolute  value.  The  choice  of  1 2  A  for  the  Ag  3d 
photoelectrons  1281  is  considered  reasonable  in  light  of  previously  reported 
compilations  of  i  (I^)  [29],  The  calculated  thicknesses  of  the  resulting  films 
are  therefore  regarded  as  being  suitable  approximations.  Note  that  with 
this  value  for  r,  films  thicker  than  73  A  will  totally  attenuate  the  Ag  signal. 

3  RESULTS  and  DISCUSSION 

The  overall  reaction  130)  in  the  formation  of  polyimide  (PI)  from  ODA 
and  PMDA  is  shown  schematically  in  Figure  L  Initial  interaction  leads  to  the 
formation  of  polyamic  acid  (PAA)  which  converts  to  polyimide  (PI)  with 
heating  (T  >  120*0.  This  latter  process,  in  which  there  is  also  formation  of 
water,  is  known  as  imidizatRm. 

The  following  section  is  concerned  with  defining  characteristic 
features  of  thin/ultra-thin  film  spectra  for  each  of  the  primary 
constituents,  PMDA  and  ODA.  The  intemediate  (PAA)  and  product  (PI)  are 
subsequently  discussed  in  light  of  the  salient  features  apparent  in  the  pure 
constituent  depositions  Within  such  a  framework  a  consistent  analysis  of 
the  interface  is  possible. 

3.1  PMDA 

The  carbon  Is  and  oxygen  Is  spectra  for  various  film  thicknesses  of 
adsorbed  PMDA  are  shown  in  Figures  3  and  4  respectively.  The  16  A  Cl s 
spectrum  compares  favourably  with  the  bulk  PMDA  calibration  spectra. 

The  assignment  of  the  peaks  is  made  with  reference  to  previous  studies  of 
model  compounds  (31,321.  The  higher  binding  energy  peak  at  Eg-289  2  eV 
is  consistent  with  unperturbed  carbonyl  carbons  C2  while  the  lower  peak, 
Eg  -  285.5  eV  is  assigned  to  the  phenyl  ring  carbons  Cl.  It  is  clear  that 
there  are  major  differences  arising  with  decreasing  film  thickness  In 
thinner  layers  (4  and  5  A)  the  carbonyl  C2  is  split  with  components  at  Eg  - 


2K7  l  eV  and  !;H  -  28*  3  c V 


in  the  oxygen  Is  spectra,  variations  with  film  thickness  are  also 
apparent.  In  the  thickest  film  (16  A I  the  major  band  at  Eg  -  532.3  eV 
originates  from  the  carbonyl  oxygen  02,  while  the  higher  binding  energy 
shoulder  at  Eg  =  533  6  eV  corresponds  to  the  anhydride  oxygen  01.  The 
single  ether  01s  peak  in  a  thick  film  of  00A  is  plotted  for  comparison. 

A  deconvolution  of  the  line  shape  for  01s  A  A.  1 1  A  and  16  A  films  is 
shown  in  Figure  5.  Note  that  all  the  FWHM  are  similar.  In  the  A  A  spectra 
three  peaks  are  resolved  at  Eg*532.9,  531.7  and  530.1  eV  respectively.  In 
the  spectra  for  the  these  PMDA  layers  it  is,  however,  difficult  to 
unambiguously  assign  these  peaks.  Nevertheless,  the  lowest  Eg  feature, 
which  figures  prominently  in  both  the  A  A  and  5  A  spectra,  is  similar  to 
that  of  the  residual  oxide  on  the  cleaned '  substrate  (Figure  4a).  A 
tentative  assignment  of  the  remaining  peaks  would  then  be  anhydride  and 
carbonyl  oxygen.  The  lineshape  of  the  i  1  A  film  spectra  is  a  combination  of 
the  thin  and  the  ultra-thin  film  features. 

In  the  thicker  films  there  again,  clearly  exists  an  additional  peak  at 
lowest  Eg  which  decreases  in  intensity  with  increasing  film  thickness.  An 
interesting  feature  is  the  constancy  of  the  intensity  ratio  between  the 
carbonyl  oxygen  02  and  the  total  shake-up  region  (indicated  by  the  two 
peaks  at  Eg-535  8  eV  and  538  5  eV).  This  is  despite  the  changes  occurring 
between  the  anhydride  01  and  lowest  binding  energy  peak  as  the  film 
thickness  varies.  It  demonstrates  that  in  the  01s  spectra  for  these  thin 
PMDA  films  the  shake-up  effects  originate,  as  expected,  from  the  carbonyl 
oxygen  02. 

Integration  of  both  Cl s  and  01s  spectra  and  subsequent  comparison  of 
thm  and  ultra-thin  film  limits  highlights  a  number  of  deviations  consistent 
with  the  changes  in  apparent  line  shape  The  16  A  ratios  of  21  C2  and  01 
02  are  essentially  stoichiometric  at  6  1  .  A  and  2  A  l  respectively  In 
comparison,  while  there  is  a  deficit  of  carbonyl  carbon  C2  apparent  m  the  A 
A  spectra,  the  difficulty  in  assigning  the  oxygens  essentially  precludes  anv 
calculation  of  oxygen  ratios  There  is  m  this  A  A  film  however  a 


measurable  loss  of  toial  oxygen  compared  to  phenyl  carbon  Cl  The  ratio 
being  5  t>  1  compared  to  the  stoichiometric  6  :  6  found  in  the  16  A  film. 
Similarity,  there  is  deficit  of  both  carbonyl  carbon  and  total  oxygen  with 
experimental  ratios  of  3  :  5  for  the  ultra  thin  film  a9  compared  to  the  4  :  6 
expected  from  stoichiometry. 

The  loss  of  a  single  carbonyl,  upon  initial  deposition  is  consistent  with 
all  of  the  above.  In  response  to  this  loss,  bonding  to  the  surface  would  be 
expected  in  this  region  of  the  now  fragmented  PMDA  molecule. 

The  information  thus  far  is  consistent  with  a  mixture  of  molecular  and 
fragmented  PMDA  within  the  surface  layer.  In  thin  films  unreacted  and 
presumably  undissociated  PMDA  is  predominant.  In  ultra-thin  films  a 
reaction  with  the  substrate  is  indicated.  This  gives  rise  to  the  split  carbonyl 
band,  to  the  additional  peak  in  the  Ols  and  the  lack  of  stoichiometry.  The 
various  features  of  the  Ols  spectra  for  the  11  A  film  (Figure  5)  clearly 
exhibits  this  transition  from  interface  to  bulk  film  composition. 

Typical  results  from  angle  resolved  studies  for  Cls  and  Ols  spectra  (90* 
to  40*  with  respect  to  the  surface  plane)  of  the  4  A  film  is  drawn  in  Figure 
6  The  Cls  ratios  appear  to  be  independent  of  emission  angle  indicating 
that  the  deviation  from  expected  stoichiometric  ratios  is  not  simply 
attenuation  of  the  carbonyl  Cls  electrons.  However  with  increasing  the 
surface  sensitivity  (90o-->40°)  of  the  measurements  there  is  a 
concomitant  increase  in  the  higher  Eg  Ols  peak.  It  is  not  possible  to  deduce 
any  orientational  model  of  the  adsorbed  PMDA  fragments  from  these 
measurements  The  variation  of  the  Ols  intensity  with  polar  emission  angle 
indicates  however,  that  an  overall  orientational  order  must  exist. 

While  there  can  be  no  conclusive  model  drawn  for  the  bonding  of  the 
PMDA  fragment  from  this  data,  it  is  interesting  to  speculate  as  to  the 
possibilities.  Chemical  bonding  could  occur  via  the  carbon  atom  on  the 
phenyl  ring  and/or  the  oxygens  in  the  carboiyl  group.  This  latter 
configuration  would  compare  favourably  with  the  results  and  models 
derived  from  an  EELS  study  of  the  chemisorption  of  formate  iHCOOi  species 
on  silver  1 3 3 1 


The  main  problem  with  this  model  is  maintaining  the  aromaticity  of 
the  bonded  species  For  this  to  occur  a  source  of  atomic  hydrogen  must  be 
present  to  bond  to  the  carbon  in  the  ring  in  the  vicinity  where  carbonyl 
loss  occurs.  The  actual  deposition  occurs  in  the  high  vacuum  chamber 
where  there  is  a  background  pressure  of  contaminants  such  as  water  and 
hydrogen,  together  with  a  hot  ion  gauge  filament  which  could  produce 
atomic  hydrogen.  There  is  therefore  the  possibilty  that  the  appropriate 
bonding  conditions  may  be  satisfied  This  leads  to  the  bonding 
configuration  shown  schematically  in  Figure  7. 

Alternatively,  it  may  be  postulated  that  there  is  a  breakdown  of  the 
aromaticity  of  the  ring.  The  increase  in  the  FWHM  of  the  peaks  in  the 
ultrathin  films  would  be  consistent  with  this.  One  diagnostic  feature  of 
aromatic  character  is  the  enhanced  intensity  of  the  shake-up  region. 
Unfortunately  the  signal  to  noise  ratio  in  these  eiperiments  was  not  high 
enough  to  make  any  definitive  assessment  of  relative  final  state  features 

The  loss  of  a  carbonyl  groups  from  the  absorbate  phase  is  most  likely 
facilitated  by  desorption  of  carbon  monoxide.  Dissociation  of  the  latter 
leading  to  adsorbed  carbon  and  oxygen  has  not  been  observed  on  silver 
substrates  The  PMDA  appears  to  physisorb  in  an  undissociated  form  above 
a  monolayer.  This  subsequently  contributes  to  the  increasing  degree  of 
similarity  between  thick  PMDA  films  formed  by  vapour  deposition  and  the 
calibration  spectra  (see  later). 


32  ODA 

The  carbon  Is.  oiygen  Is  and  nitrogen  Is  spectra  of  pure  adsorbed  ODA 
for  thickness  of  3  A  and  17  A  are  drawn  in  Figure  8.  As  with  the  PMDA  the 
difference  in  spectra  at  the  two  thicknesses  again  indicates  some 
interaction  with  the  silver  substrate  in  the  monolayer  coverage  regime. 

The  thin  (17  A)  Cls  spectrum  (Figure  8b)  exhibits  a  major  band  at  Ep  * 
284  3  eV  and  a  high  binding  energy  shoulder  at  E3  =  285  5  eV  These 
correspond  to  aromatic  phenvl  carbons  C3  and  those  bonded  to  either  the 


ether  oxygen  or  the  amine  groups  C4  This  is  consistent  with  the  previous 
calculations  on  aromatic  amino  compounds  1321  The  integrated  intensity 
ratios  of  C3  C4  at  8  5  deviates  from  the  stoichiometric  8  4  and  suggests 
an  increase  in  C4  or  alternately  a  decrease  in  C3 

Attention  is  also  drawn  to  the  extensive  area  in  the  high  binding 
energy  tail  of  the  spectrum  This  shake-up  region  (  a  ->  a*)  134]  makes  up 
6%  of  the  total  Cts  intensity  If  all  of  it  was  attributed  to  C3  then,  following 
trom  equation  3,  the  8  5  deviation  could  be  reduced  to  8  :  4.5  An  excess 
of  C3  is  therefore  still  present.  More  likely  is  that  the  shake  ups  are 
distributed  between  C4  and  C3  in  a  similar  way  to  the  ratio  between  the 
parent  peaks  No  change  in  the  overall  ratio  is  therefore  expected. 

The  single  symmetric  01s  and  Nls  bands  at  Eg-533.1  eV  and  Eg*399.3 
eV.  respectively,  indicate  that  in  the  thin  film  at  least  the  majority  of  the 
ether  oxygens  and  amino  group  are  in  equivalent  chemical  environments 

In  the  ultra-thin  layer  the  FWHM  of  the  duster  of  Cls  peaks  has 
increased  A  deconvolution  is  shown  in  Figure  9.  The  peaks  at  Eg-284  7  eV 
and  286  3  eV  presumably  correspond  loC3  and  C4  phenyl,  respectively 
The  appearance  of  a  weak  but  definite  shoulder  midway  between  these  at 
Eg  *  285  5  eV  is  difficult  to  aaaitn  without  addtlie— I  information. 

This  latter  peak  is  not  sufficiently  resolved  in  the  thicker  film  case  A 
similar  situation  to  that  of  the  PMDA  may  exist.  Increasing  the  amount  of 
physisorbed  material  essentially  masks  the  interface  contribution  to  line 
shape  while  still  adding  to  the  overall  integrated  intensities  A  slight 
increase  in  optimal  haifwidth  for  an  ideal  fit  of  thicker  film  spectra  has 
been  found  to  account  for  this  The  increase  ir.  C4.  noted  from  the  17  A  film 
spectra  could  therefore  be  attributed  to  this  interface  contribution  where 
there  is  presumably  an  excess  of  C4  or  deficit  of  C3  Another  possible 
explanation  of  the  deviation  from  stoichiometry  of  the  17  A  film  could  he 
an  orientational  order  of  the  molecules  in  the  film  emphasizing  by  angular 
effects  emission  from  phenyl  carbons  C3 


I 


The  ultra  thin  (3  A )  1  lira  spectra  for  the  oxygen  exhibit  more  complei 
behaviour  The  presence  of  new  peaks  in  the  Ols  spectra  at  lower  binding 
energy  l Eg -53 1  4  and  529.7  eV)  are  consistent  with  a  targe  pertubation  of 
the  ODA  upon  interaction  with  the  metal  surface.  This  coupled  with  the 
presence  of  an  additional  peak  in  the  Cls  spectrum  suggests  that  the  latter 
may  be  adjacent  to  the  interacting  oxygen  and  therefore  be  of  C4  origin. 

The  presence  of  twg  additional  peaks  in  the  ultra-thin  Ols  spectrum 
suggests  that  either  two  different  modes  for  interaction  are  possible  or  that 
there  is  some  form  of  atomic  oxygen  at  the  surface  The  residual  oxide  on 
the  surface  of  silver  represented  by  the  spectra  in  Figure  4a  corresponds  to 
the  region  around  Eg-530  eV.  This  suggests  that  the  peak  may  indeed 
represent  some  form  of  oxide  and  the  middle  binding  energy  peak  an 
oxygen  atom  associated  with  fragmented  ODA.  The  low  Eg  value  for  the 
oxygen  peak  assigned  to  fragmented  ODA  might  indicate  an  initial  state 
effect  eg  accumulation  of  negative  charge  around  an  oxygen  atom 
facilitating  bonding  between  the  metal  and  the  organic  entity  of  the 
absorb  ate  complex. 

The  total  CON  ratios  for  the  ultra-thin  (3  A)  and  thin  ( 17  A)  films 
are  12  2.3  :  1.8  and  12  :  14:  1.9,  respectively.  In  comparison  to  a 
stoichiometric  film  ( 12  :  1  :  2)  there  appears  to  be  an  excess  of  one  oxygen 
or  deficit  of  carbon  and  nitrogen  in  the  ultra-thin  film  cate  and  a 
correspondingly  slight  deviation  from  stoichiometry  in  the  thin  ( 17  A)  film 
instance 

All  the  above  information  is  consistent  with  a  mixed  layer  of  ODA  and 
ODA  fragments  which  bond  to  the  surface  through  the  ether  oxygen  or* 
oiygen  region  of  the  molecule,  respectively.  The  loss  of  aniline  C5H7N 
during  such  a  reaction  is  a  reasonable  explanation  for  the  data,  although,  a 
source  of  atomic  hydrogen  is  again  required.  In  this  case  to  stabilize  the 
desorbed  rather  than  the  adsorbed  species  (as  exemplified  by  the  initial 
adsorption  of  PMDA)  Similarity  the  additional  hydrogen  may  be  supplied 
through  the  experimental  conditions  under  which  the  deposition  was 
carried  out 

The  split  at  the  ether  linkage  of  ODA  would  also  lead  to  further 


support  lor  the  assignment  of  the  new  Cls  shoulder  as  an  original  C4  and 
also  to  the  apparent  lack  of  significant  pertubation  (only  a  slight 
broadening  of  the  3  A  film  Nls  spectral  of  the  amino  groups  Any  other 
break  up  of  the  molecule  to  decrease  the  total  carbon  and  nitrogen  (to 
comparable  oxygen  ratio;  would  necessitate  dramatic  changes  in  the  Cls 
and  N 1  s  spectra  to  account  for  a  complete  splitting  of  the  aromatic  ring  and 
attached  amine  The  additional  oxygen,  other  than  that  associated  with  the 
oxyaniline,  would  therefore  arise  if  there  was  additional  desorption  of 
aniline  from  the  surface 

In  all  instances,  there  is  a  shift  to  lower  binding  energies  with 
increasing  thickness  and  the  magnitude  of  such  shifts  being  greatest  for  the 
Cls  (0.4  eV)  followed  by  01s  (0.3  eV)  then  Nls  (0.2  eV).  This  is  unusual  as 
charging  within  the  film  would  shift  the  spectra  to  higher  rather  than 
lower  Eg  with  increasing  film  thickness.  Thick  vapour  deposited  calibration 
films  do  show  the  expected  shift  to  higher  binding  energies  (27).  The  shift 
to  lower  Eg  values  must  therefore  indicate  that  the  screening  of  the  final 
state  core  holes  is  more  effective  in  the  organic  (ia.  bulk)  material  than  in 
the  adsorbate  (ie.  interface)  layer.  The  difference  in  the  relaxation  energy 
for  the  three  atoms  further  suggest  that  the  screening  of  the  core  holes  is 
achieved  by  intramolecular,  rather  than  extramolecular  charge 
redistribution.  A  possible  explanation  for  this  observation  is  that  in  those 
molecules  in  the  close  contact  with  the  substrate  the  x-electron  system  of 
the  phenyl  rings  is  localized  and  thus  less  effective  in  screening  of  the  final 
state  core  holes. 

Thermal  treatment  of  thin  films  of  PDA  and  PMDA 


A  number  of  studies  to  examine  the  thermal  stability  of  the  adsorbed 
constituents  were  made.  It  was  of  interest  to  follow  the  heating  regime 
which  leads  to  the  breakdown  and/or  desorption  of  the  bulk  film  and 
compare  this  with  the  interfacial  chemistry.  Thick  layers  of  both  ODA  and 
PMDA  sublime  noticeably  in  vacuum  at  temperatures  exceeding  50°C 
leaving  a  fragmented  organic  overlayer  on  the  metal  substrate  (see  Figure 
10  and  1 1 1  Figure  10  shows  the  result  of  an  experiment  where  a  thick 
id  70  A)  PMDA  layer  was  heated  to  200°C  The  resulting  spectra  resemble 


those  obtained  from  the  4  A  thick  fragmented  PMDA  layer  after  room 
temperature  adsorption  This  indicates  that  the  PMDA  fragmentation 
products  are  thermally  stable  up  to  at  least  200°C.  The  thermal 
decomposition  reactions  of  ODA  and  PMDA  have  been  studied  in  detail  on 
copper  substrates  (351 

An  analysis  of  such  a  heating  routine  for  ODA  is  plotted  in  Figure  1 1 
with  reference  to  a  17  A  ODA  film.  The  various  peaks  in  the  Cls  and  the 
total  Ols  and  Nls  are  indicative  of  the  amounts  of  each  species  present. 
These  are  plotted  as  a  ratio  of  peak  intensity  following  heating  to  a  specific 
temperature  to  initial  intensity  at  room  temperature  (and  therefore  fixed). 
The  attenuation  of  the  silver  signal  is  included  (solid  line)  as  a  measure  of 
the  film  thickness  with  temperature  (where  thickness  is  proportional  to 
ln(I/I0)). 

Note  that  all  measurements  were  made  at  room  temperature  following 
the  respective  heatings  (5-10  minutes  at  each  temperature).  The  rate  of 
this  heating  is  also  important  in  determining  where  major  losses  occur.  A 
rate  of  l°/second  for  heating  and  cooling  waa  maintained  throughout.  The 
two  main  features  of  interest  are  (i)  the  spread  of  points  at  each 
temperature  and  (ii)  the  trends  in  the  difference  between  the  silver  line 
and  the  various  constituent  points. 

At  around  120°C  where  the  film  thickness  has  reduced  to  just  under 
half,  there  is  a  maximum  in  the  spread  of  the.relative  peak  intensities.  The 
largest  decreases,  in  the  Nls  and  Cls  (Eg«284.4  eV  or  C3).  are  also  present 
in  this  region  This  is  indicative  of  loss  of  undissociated  and  presumably 
physisorbed  ODA  Further  heating  causes  breakdown  of  the  amino  groups 
and  the  increased  fragmentation  and  subsequent  removal  of  aromatic 
carbon  By  450°C  the  remaining  functional  groups  have  been  removed, 
leaving  carbon  on  the  surface.  The  apparent  constancy  of  the  oxygen  as 
compared  to  the  silver  intensity  with  heating  up  to  300°C  further 
strengthens  the  argument  for  bonding  of  ODA  fragments  through  the 
oxygen  atoms  to  the  surface. 


)  3  Opposition  ol  PM l' A  and  ODA 

The  carbon  is.  oiygen  Is  and  nitrogen  Is  spectra  for  codeposited  ODA 
and  PM  DA  and  their  subsequent  polymerization  are  shown  in  Figures  12  to 
14  Initial  co-deposition  of  ODA  and  PMDA  produces  spectra  (a)  which 
clearly  are  not  simply  a  composite  of  isolated  species.  The  Cls  spectrum 
(Figure  12a)  is  comparable  to  that  reported  previously  for  poiyamic  acid 
1 36 1.  This  is  expected  as  the  product  resulting  from  the  interaction  of  ODA 
and  PMDA  (see  Figure  1 ) 

The  co-deposited  layers  were  heated  slowly  in  vacuum  and  ODA. 
PMDA  and  water  were  observed  desorbing.  In  particular,  there  was  a 
significant  removal  of  water  following  heating  to  120*C.  This  was  also 
accompanied  by  an  experimentally  measurable  reduction  in  film  thickness. 
From  an  initial  value  of  -34  A  this  had  reduced,  after  10  mins,  at  180*C,  to 
14  A  (b);  to  II  A  after  1  hour  at  300 *C  (c)  and  following  15  mins,  at  400 *C 
the  thickness  reduced  to  10  A  (d).  In  the  latter  two  states  (Figure  12  to 
1 2c.d).  this  curing  process  produces  Cls.  Ols  and  Nis  spectra  comparable  to 
that  found  in  thicker  polyimide  films  under  similar  conditions  127]  and 
those  produced  by  spin  coating  techniques  1361.  Evidently  the  imidization 
process  is  virtually  completed  by  this  point  and  the  film  is  cured.  This  is 
evinced  by  the  remarkable  thermal  stability  of  the  resulting  ultra-thin 
polymer  film  at  400°C.  The  spectrum  shows  little  change  upon  continuous 
heating  for  hours  at  these  temperatures  and  typifies  the  thermal  resistance 
of  polyimide  coatings. 

In  order  to  interpret  the  spectral  changes  in  the  Cls  spectra  following 
codeposition  of  ODA  and  PMDA.  the  peak  assignment  is  made  with 
reference  to  both  studies  of  model  compounds  131,32,37,38)  and  calibration 
spectra  The  latter  are  taken  from  thick  layers  of  PMDA,  1. 2.4.5 
benzenetetracarboxylic  acid  (Pyromellitic  Acid  (BCA)),  polyimide  and 
poiyamic  acid  (PAA)  These  are  summarized  in  Figure  15.  Note  that  the 
binding  energy  axis  here  does  not  represent  absolute  but  rather  relative  Er 
values  This  eliminates  the  effect  of  charging  on  the  spectra  and 
emphasizes  the  binding  energy  differences  of  the  various  functional  groups 
in  the  molecules 


Mi 


The  spectrum  15a  was  taken  from  a  powdered  sample  ol  Pyroraellitic 
\cid  tHCA).  which  is  the  complete  hydrolysis  product  of  PMDA  The 
presence  of  hydroxyl  groups  results  in  a  slight  U  15  eV  shift  m  the  carbonyl 
*C2 1  and  a  noticeable  increase  in  the  peak  vidth  at  half  maximum  height 
•FWHM)  as  compared  to  the  PMDA  spectrum  (Figure  15b).  Such  factors 
may  contribute  to  the  broad  band  of  C 2  at  higher  Eg  in  the  PAA  (Figure 
1 5d>  whose  PMDA  character  contains  hydroxyl  groups.  The  experimentally 
derived  intensity  ratios  of  Cl  .  C2  in  BCA  remain  3  :  2  as  expected. 

The  Cls  spectra  of  a  thick  PI  film  (Figure  15c)  has  the  characteristic 
carbonyl  peak  which,  when  normalised  to  its  origin  in  the  PMDA  (Figure 
1 5b »,  suggests  that  the  aromatic  carbons  (Cl )  contribute  to  the  lower  Eg 
part  of  the  PI  doublet.  However,  theoretical  studies  of  model  compounds 
suggest  that  this  is  not  the  case  and  that  it  is  the  higher  Eg  component  of 
the  doublet  which  reflects  the  Cl.  The  PI  spectra  in  Figure  15c  was 
therefore  analyzed  accordingly,  to  emphasize  this  result.  Since  the  reaction 
centre  for  polymerization  is  adjacent  to  the  carbonyl  any  changes  will 
directly  effect  the  latters  binding  energy.  This  is  similar  behaviour  to  that 
demonstrated  for  the  BCA  in  Figure  1 5a.  Therefore  correcting  for  the  075 
eV  shift  necessary  (see  Figure  15b/c)  indicates  that  the  carbonyl  peak  is 
actually  shifting  to  lower  Eg  in  response  to  the  formation  of  the  tertiary 
amine 

The  PAA  (Figure  15d)  is  the  most  difficult  to  assign  to  any  specific 
features  in  the  PMDA  since  the  exact  composition  of  the  film  with  respect 
to  the  amount  of  ODA  and  PMDA  is  not  known.  The  broad  region  at  higher 
Eg  obviously  refers  to  the  carbonyls  in  a  mixed  environment  of  adjacent 
hydroiyl  and  secondary  amine  groups. 

The  formation  of  PI  from  thin  film  codepostions  of  ODA  and  PMDA  is 
described  with  reference  to  the  Cls  data  drawn  in  Figure  16  The 
assignments  of  the  Cls  peaks  in  PMDA  (Figure  1 6m)  has  already  been 
discussed  earlier.  The  ODA  (Figure  16b)  peak  at  lowest  Eg  corresponds  to 
the  aromatic  C3.  From  the  assymmetry  of  the  polyimidc  phenyl  Cls 
emission  in  Figure  1 5c  or  the  equal  intensity  of  both  components  in  Figure 
l od.  it  follows  that  the  higher  binding  energy  peak  in  the  doublet  cannot 


solely  he  ascribed  to  the  PMDA  phenvl  emission  The  lower  Eg  peak  should 
be  more  intense  due  to  the  1 2  aromatic  carbons  in  ODA  (as  compared  to  the 
o  aromatic  carbons  in  PMDA) 

It  has  been  suggested  from  theoretical  studies  13 1 .32.37,381  that  the 
higher  binding  energy  component  of  the  Cls  phenyl  emission  contains  also 
emission  from  the  carbons  attached  to  the  ether  oiygen  and  the  imide 
nitrogen  of  the  ODA  part  of  PI  (C4)  Qualitatively  this  can  be  seen  in  Figure 
lb  since  for  thin  films  the  phenyl  carbons  emission  of  PMDA  has 
approximately  the  same  binding  energy  as  the  C4  carbons  in  ODA.  Note  that 
absolute  intensities  between  a,b  and  d  cannot  be  compared  due  to  different 
film  thicknesses  and  experimental  conditions 

Figure  16d  demonstrates  that  in  the  ultra-thin  film  case  (where 
charging  is  considered  to  be  not  important)  the  carbonyl  Cls  emission  of 
the  PMDA  moiety  shifts  to  lower  Eg  and  the  phenyl  Cls  emission  to  higher 
binding  energies  upon  imidizatkm.  Despite  the  C3  in  ODA  being  shifted  to 
lower  binding  energy  this  is  not  experimentally  resolved  from  the  PMDA 
phenyl  (Cl )  in  the  resultant  PI.  The  ether  carbons  (C4)  are  therefore 
assigned  to  higher  Eg  part  of  the  doublet. 

The  about  equal  intensity  in  the  two  components  of  the  phenyl 
emission  for  the  thin  polyimide  film  (Figure  16d)  indicates,  however,  that 
the  layer  does  not  consist  of  pure  polyimide  only.  As  discussed  later,  this 
deviation  is  due  to  the  photoemission  from  the  metal/polyimide  interface 
consisting  of  fragmented  PMDA  and  ODA  units. 

As  a  further  check  the  spectra  of  a  partially  polymerized  film  of  PI  on 
top  oi  a  thin  PMDA  layer  is  drawn  in  Figure  1 6c  The  unreacted  PMDA  is 
still  discernible  in  both  Cl  and  C2  peaks.  The  reacted  material  is  seen  as  a 
low'  binding  energy  shoulder  (Eg-288  5  eV)  to  the  C2  This  reflects  the 
effect  of  tertiary  amine  formation  adjacent  to  the  C2  (imide  carbonyl 
groups)  The  phenyl  carbons  Cl,  evident  in  the  partially  reacted  film  at 
around  Eg =285  eV.  are  shifted  to  higher  binding  energy  following  the 
complete  imidization  (see  Figure  16dl 


Following  the  agreement  of  this  data  with  previous  work,  the  bands  m 
Qs  for  a  cured  PI  film  f  Figure  12d)  are  assigned  as  Er=2849  eV  for  the 
aromatic  carbon  in  the  ODA  part  tC3) .  as  Eg=286  1  eV  for  the  aromatic 
carbon  in  the  PMDA  part  and  carbon  attached  to  nitrogen  and  oxygen  in 
the  ODA  part  (Cl  and  C4)  and  Eg*288  7  eV  for  the  carbonyl  carbons  (C2). 
The  deconvoluted  Cls  spectrum  for  the  1 1  A  film  is  shown  in  Figure  17. 

The  oxygen  spectrum  for  PAA  (Figure  13a)  is  a  combination  of 
carbonyl,  ether  and  hydroxyl  groups  and  is  comparable  to  spectra  obtained 
from  spin  coated  films  138]  The  high  binding  energy  (Ejj»533  2  eV)  side  of 
the  doublet  is  assigned  to  the  emission  from  the  hydroxyl  groups,  the  low 
energy  peak  at  Eg-531.3  eV  originating  from  the  carbonyl  and  ether 
oiygen 

In  heating  this  film  the  overall  band  narrows  due  to  the  lots  of 
hydroxyl  groups  as  water.  The  deconvoluted  spectrum  of  Ols  originating 
from  an  1 1  A  PI  film  is  shown  in  Figure  17  The  bands  at  Eg*532.1  eV  and 
533  3  eV  are  assigned  to  carbonyl  02  and  ether  CM  oxygen.  The  interesting 
feature  here  is  the  appearance  of  a  medium  intensity  peak  at  lowest 
binding  energy  This  is  comparable  with  both  the  additional  peak  in  both 
the  1 1  A  PMDA  (Figure  5)  and  the  3  A  ODA  (Figure  9)  film  spectra. 

The  single  Nls  broad  peak  centred  around  Eg  -  399.5  eV  is 
representative  of  a  combination  of  secondary  amine  in  PAA  and  the 
remaining  primary  amine  due  to  ODA.  As  the  film  is  heated  there  is  a 
narrow  ing  of  the  main  peak  as  ail  the  primary  amine  due  to  ODA  either 
reacts  or  evaporates  With  an  increasing  degree  of  imidization  the  band 
finally  centres  around  Eg-400.6  eV  corresponding  to  the  tertiary  amine. 

A  comparison  of  total  intensities  for  C.  0  and  N  spectra  (Figures  12-14) 
when  normalised  to  the  22  carbons  in  PAA  and  PI,  is  shown  in  Figure  18a 
There  is  a  decrease  in  the  oxygen  and  a  slight  increase  in  the  nitrogen  for 
initial  codeposilion  at  room  temperature.  This  coupled  with  a  Nls  and  Ols 
Imeshape  which  exhibits  some  ODA  character  suggests  that  there  is  an 
excess  of  the  latter  in  the  room  temperature  deposited  film  The  decrease 
w  the  total  oxygen  would  therefore  indicate  an  excess  of  (normalised) 


aromatic  K‘3  and  i'A)  ()l)A  carbon  Figure  18b  summarises  the  total 
aromatic  (Cl.  C3.  C4)  to  carbonyl  (C2)  carbon  in  the  film  where  the  former 
has  been  normalised  to  18  Similarity,  the- decrease  in  C2  strengthens  the 
argument  that  there  is  an  excess  of  ODA  carbon  in  the  film  This  seems 
reasonable  considering  that  there  was  no  careful  control  of  the  ODA  or 
PMDA  fluxes  The  vapour  pressure  curve  for  ODA  as  compared  to  PMDA 
[391  suggests  a  larger  partial  pressure  for  the  former  at  experimental 
deposition  temperatures. 

Examination  of  the  total  CON  ratio  following  heating  of  the 
codeposited  layer  continues  to  suggests  an  excess  of  ODA,  albeit  much  less 
than  for  the  initial  PA  A  film.  There  is  also  a  persistent  deficit  in  the 
carbonyl  to  phenyl  ratio  indicated  (Figure  18b).  A  carbonyl  deficiency  has 
been  noted  in  previous  XPS  studies  on  the  surface  of  bulk  PI.  However  in 
the  very  thinnest  PI  film  an  almoat  stoichiometric  ratio  of  total  oxygen  to 
nitrogen  is  obtained  despite  the  obvious  deficit  in  carbonyl  carbon.  This 
observation  is  consistent  with  a  interface  conaiating  of  partially  fragmented 
PMDA  and  ODA  where  some  of  the  carbonyl  and  amino  groups  are  lost  as 
CO  and  aniline  during  initial  deposition.  This  it  fully  supported  by  the  Ols 
deconvolution  of  Figure  17.  Here  the  additionil  peak  at  lowest  Eg 
corresponds  to  the  oxygen  (from  PMDA/ODA)  bound  to  the  surface  of  the 
silver  substrate. 

Whereas  the  Cls  and  Ols  spectra  are  excellent  indicators  of  the 
interfacial  bonding  in  these  ultrathin  films,  the  NIs  spectra  are  best 
representative  of  the  inter  molecular  changes  occurring  from  deposition  of 
the  components  through  to  formation  of  the  polyimide.  This  is  due  to  the 
reaction  centers  being  formed  around  the  conversion  of  primary  (ODAI  to 
secondary  (PAA)  and  finally,  the  formation  of  a  tertiary  amine  linkage 
during  imidization  (see  Figure  1). 

A  summary  of  the  various  types  of  experiments  carried  out  during  the 
optimization  of  ultra-thin  film  production  is  presented  in  Figure  19  with 
reference  to  their  NTs  spectra  Initial  deposition  of  a  3  A  film  of  ODA  (a) 
produces  a  peak  (F.p  =  399  6  eV »,  consisieni  with  the  primary  amine  NH2 
Subsequent  adsorption  of  a  3  A  layer  of  PMDA  (b»  over  this  causes  the 


!  nr  mat  ion  of  a  small  lower  binding  energy  shoulder  (Eg  -  399  eVl 
indicating  secondary  amine  and  the  presence  of  polyamic  acid  (PAA) 
Heating  this  film  did  not  lead  to  further  polymerization 

Initial  deposition  of  16  A  of  PMDA  followed  by  a  1  A  layer  ODA  tc 
suggests  a  much  more  complete  reaction  to  form  PAA.  Again  this  film 
failed  to  polymerize  to  form  polyimide  upon  heating. 

Codeposition  of  a  12  A  layer  (d)  is  virtually  identical  in  the  Nls  with 
thicker  codepositions.  Upon  heating  however,  there  was  an  effective 
decrease  in  thickness  (to  4  A)  and  subsequent  dissociation  of  organic 
constituents  in  the  silver /polymer  interface  The  Nls  spectra  (e)  shows 
some  imide  nitrogen  and  a  low  binding  energy  tail  representing 
dissociation  products.  From  the  intensity  of  the  corresponding  Cl s  emission 
of  the  imide  carbonyl  it  was  estimated  that  only  -15%  of  the  polyamic  acid 
underwent  imidization.  Spectrum  (f)  again  is  for  the  1 1  A  PI  film,  showing 
the  imide  Nls  emission  and  a  low  binding  energy  tail  from  incomplete 
imidization  products. 

The  failure  of  the  imidization  where  there  were  sequential  depositions 
‘and  therfore  a  lack  of  miiing)  and  the  obvious  lower  limit  to  suitable 
initial  amounts  in  codeposition,  all  support  the  mam  conclusion.  The 
Pl/silver  interface  consists  of  fragmented  and  chemically  bonded  polymer 
constituents  which  essentially  anchors  the  polymer  to  the  substrate  and 
through  which  adhesion  to  the  substrate  is  therefore  achieved 


The  loss  of  organic  substituents,  including  unreacted  PMDA  and  ODA, 
during  the  imidization,  causes  a  rapid  decrease  in  the  film  thickness 
Clearly  there  is  a  situation  where  heating  promotes  reaction  of  physisorbed 
and  chemisorbed  material  alike  but  also  competes  with  the  possible 
desorption  of  undissociated  material  Controlling  the  heating  rate  and 
exploiting  the  subtleties  therein  may  in  future  produce  a  much  more 
material  efficient  reaction 


‘•■rmation  of  a  small  lover  binding  energy  shoulder  ( Eg  --  .VW  eVi 
indicating  secondary  amine  and  the  presence  of  polyamic  acid  «PAA> 
Heatmg  this  film  did  not  lead  to  further  polymerization 

Initial  deposition  of  16  A  of  PMDA  followed  by  a  1  A  layer  ODA  (c) 
suggests  a  much  more  complete  reaction  to  form  PAA.  Again  this  film 
failed  to  polymerize  to  form  poiyimide  upon  heating. 

Codepositton  of  a  12  A  layer  (d)  is  virtually  identical  in  the  Nh  with 
thicker  codepositions.  Upon  heating  however,  there  was  an  effective 
decrease  in  thickness  (to  4  A)  and  subsequent  dissociation  of  organic 
constituents  in  the  silver/polymer  interface.  The  Nls  spectra  (e)  shows 
some  imide  nitrogen  and  a  low  binding  energy  tail  representing 
dissociation  products.  From  the  intensity  of  the  corresponding  Cl  s  emission 
of  the  imide  carbonyl  it  was  estimated  that  only  - 1 5%  of  the  polyamic  acid 
underwent  imidization.  Spectrum  (f)  again  is  for  the  1 1  A  Pi  film,  showing 
the  imide  Nls  emission  and  a  low  binding  energy  tail  from  incomplete 
imidization  products. 

The  failure  of  the  imidization  where  there  were  sequential  depositions 
(and  therfore  a  lack  of  mixing)  and  the  obvious  lower  limit  to  suitable 
initial  amounts  in  codeposition,  all  support  the  main  conclusion.  The 
PI /silver  interface  consists  of  fragmented  and  chemically  bonded  polymer 
constituents  which  essentially  anchors  the  polymer  to  the  substrate  and 
through  which  adhesion  to  the  substrate  is  therefore  achieved 

The  loss  of  organic  substituents,  including  unreacted  PMDA  and  ODA. 
during  the  imidization.  causes  a  rapid  decrease  in  the  film  thickness 
Clearly  there  is  a  situation  where  healing  promotes  reaction  of  physisorbed 
and  chemisorbed  material  alike  but  also  competes  with  the  possible 
desorption  of  undissociated  material  Controlling  the  heating  rate  and 
exploiting  the  subtleties  therein  may  in  future  produce  a  much  more 
material  efficient  reaction 


t'ne  additional  point  of  interest  in  this  respeu  is  the  apparent  lack  of 
an y  necessity  for  providing  stoichiometric  amounts  of  ODA  and  PMDA 
during  codeposition.  Obviously  the  limits  to  this  are  the  sequential 
depositions  However  only  reasonable  control  over  fluies  appears  to  be 
important  for  ultra-thin  PI  film  formation.  A  lack  of  control  in  the 
formation  of  thick  films  leads  to  PI  formation  with  trapped  ODA  and/or 
PMDA  1271  In  very  thick  films  (>ltim)  (231  this  excess  will  effectively  stops 
the  reaction 


This  study  was  conducted  to  identify  the  mechanism  of  adhesion  of  a 
polyimide  film  on  a  bulk  metal  substrate,  to  determine  whether  chemical 
bonding  occurs  through  the  polymer  or  whether  adhesion  is  achieved  by 
electrostatic  or  Van  der  Waals  forces  or  by  mechanical  interlinking  of  the 
polymer  with  the  substrate 

Dearly,  the  latter  three  cases  would  result  in  XPS  spectra  for  the 
ultra-thin  PI  film  showing  no  evidence  for  fragmentation  in  the 
polymer/metal  interface.  The  spectrum  of  the  fully  cured  PI  films , 
however,  show  that  the  ultra-thin  film  consists  of  fragmented  ODA  and/or 
fragmented  PMDA  molecules. 

In  the  case  of  pure  PMDA  or  ODA  films,  heating  to  400°C  leads  to  full 
carbonisation  of  the  overlayer.  with  no  residual  oxygen  or  nitrogen  present 
The  deconvolved  Cls  spectra  (Figure  17a)  of  the  1 1  A  PI  film  however, 
shows  no  evidence  for  the  presence  of  amorphous  carbon  deposits.  The  fact 
that  the  oxygen  believed  to  be  associated  with  bonding  of  the  fragments  to 
the  meul  (as  concluded  from  the  binding  energy  value  of  530  5eV)  is 
present  in  the  fully  cured  film  (60  minutes  at  300°C)  indicates,  that 
reaction  of  this  oxygen  species  with  carbon  (presumably  to  CO  or  CO2)  is 
inhibited  as  compared  to  the  pure  ODA  or  PMDA  overlayers 

It  is  reasonable  to  postulate  that  the  different  surface  chemistry  of 
this  oxygen  is  due  to  a  stabilisation  by  the  organic  overlayer  thus 
emphasizing  that  it  is  involved  in  a  chemical  bonding  to  fragmented  ODA  or 


l'M!  \  which  in  turn  is  linked  by  lmide  bonds  to  the  overlaying  poly i mule 
film  if  these  chemical  bonds  of  the  PMPA  and/or  ODA  fragments  between 
the  metal  surface  and  the  polyimide  would  not  be  present,  we  expect  the 
decomposition  of  this  interface  into  an  amorphous  carbon  overlayer  Figure 
20  describes  a  bonding  configuration  of  the  polyimide  film  to  the  metal 
surface  which  is  consistent,  but  at  this  point  speculative  and  requiring 
confirmation  by  other  experimental  techniques  such  as  vibrational 
spectroscopies  The  bonding  postulated  here  is  different  than  that 
suggested  for  metal  evaporated  on  cured  PI  [1 1 1  which  is  expected  from 
the  difference  in  the  interface  preparation  technique. 

In  terms  of  the  mechanical  aspects  of  adhesion,  ie.  whether  a  chemical 
bonding  to  the  substrate  is  beneficial  to  the  macroscopic  adhesion  of 
polyimide  films,  no  statements  can  be  made.  If  the  adhesive  bond  to  the 
substrate,  as  in  the  case  of  chemical  bonding  is  strong,  fracture  of  the 
metal/ polyimide  film  might  occur  at  the  interface/ polyimide  boundary  or 
within  the  polyimide  Such  a  fracture  behaviour  has  been  observed  in 
other  studies  where  polyimide  fragments  were  observed  to  adhere  to  the 
substrate  after  separation  of  the  bulk  polyimide  film  from  the  substrate 
1401 

Summary 

It  has  been  shown  that  thin  polyimide  films  can  be  prepared  in  a 
controlled  fashion  by  vapour  deposition.  Surface  sensitive  techniques  can 
be  applied  to  probe  the  interfacial  region.  The  experiments  demonstrate 
that  microscopic  adhesion  of  polyimide  to  bulk  metal  surfaces  is  achieved 
by  chemical  bonding  to  the  substrate. 

Subsequent  chemical  modification  (e  g.  addition  of  adhesion 
promoters!  to  these  interfaces  can  now  be  monitored  and  the  quantitative 
chemical  analysis  of  their  effects  on  polymer/ metal  adhesion  investigated 
The  variation  associated  with  adsorption  on  different  metal  substrates  and 
crystal  faces  are  also  amenable  to  this  technique  as  are  the  important 
possibilities  inherent  m  following  the  chemistry  of  polymerization  in  situ 
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Fig  1  Schematic  representation  of  the  reaction  of  ODA  and  PMDA  to 
form  poiyimide 

f  ig  2  Wide  Scan  spectra  of  an  uitrathin  (11  A)  PI  film  on  a 
polycrystalline  silver  substrate 

Fig  3  Cls  spectra  of  evaporated  PMDA  at  various  film  thicknesses. 
Note  intensities  in  (a)  and  (b)  are  X  2 

3a  4  A 

3b  5  A 

3c  11  A 

3d  16  A 

Fig  4  OIs  spectra  of  evaporated  PMDA  at  various  Mm  thicknesses 

4a  Residual  oxygen  (baseline)  from  cleaning  procedure 
4b  4  A 

4c  5  A 

4d  1 1  A 

4e  16  A 

4f  17  A  film  of  ODA  for  comparison  of  ether  01s 

Fig  3  Deconvolution  of  the  01s  spectra  for  4  A,t  1  A  and  17  A  films  of 
PMDA.  Note  intensities  of  4  A  and  1 1  A -are  X  2  9  and  X  1.3 
respectively.  Numbers  refer  to  01  and  02  described  in  Figure  1 

Fig  6  Typical  angle  resolved  01s  and  Cls  spectra  for  an  uitrathin  4  A 
film  of  PMDA  on  Ag.  Numbers  refer  to  the  emission  angle  with 
respect  to  the  surface  plane 


Proposed  bonding  conliguration  of  PMDA  adsorbed  directly  to 
the  silver  substrate 


Fig  *  Cls.  Ols  and  Nls  spectra  of  OL>A  at  two  film  thicknesses 
Note  intensitv  axes  are  expanded 

*a  Cls  3  A 

*b  Cls  17  A 

8c  Ols  3  A 

8d  Ols  17A 

8e  Nls  3  A 

8f  Nls  17  A 

Fig  9  Deconvolution  of  the  Cls  and  Ols  spectra  of  an  ultra-thin  (3  A) 
ODA  film  Numbers  refer  to  0!  and  02  described  in  Figure  1. 


Fig  1 0  C 1  s  and  0 1  s  spectra  for  heating  thick  evaporated  layers  of 
PMDA  (a)  Room  Temperature  (b)  Heating  to  200% 


Fig  1 1  A  detailed  study  of  changes  in  the  normalized  (l/l0)  intensities 
or  peaks  in  ODA  \Cls.  Ols.  Nls)and  substrate(Ag  with  heating 
of  a  M7  A)  ODA  film 

•  Ag 

□  Cls  at  284  3  eV  C3 

■  Cls  at  285  5  eV  C4 

Ols 
Nls 


;g  i  2  Cls  spectra  for  codeposited  ODA  ♦  PMDA  with  subsequent 
production  of  an  ultra-thin  polyimide  film  (PI) 

!  2a  3b  A  Room  temperature 

12b  14  A  Following  heating  at  1R0*C  10  mins. 

1 2c  1 1  A  Further  heating  at  300 "C  60  mins 
1 2d  10  A  Further  heating  at  400‘C  15  mins 


Fig  13  01s  spectra  for  codeposited  ODA  ♦  PMDA  with  subsequent 

production  of  an  ultra-thin  polyimide  film  (PI). 

13a  36  A  Room  temperature 

13b  HA  Following  heating  at  180‘C  10  mins. 

13c  1 1  A  Further  heating  at  300*C  60  mins 
13d  10  A  Further  heating  at  400 *C  15  mins. 


Fig  1 4  Nls  spectra  for  codeposited  ODA  ♦  PMDA  with  subsequent 
production  of  an  ultra-thin  polyimide  film  (PI) 

14a  36  A  Room  temperature 

14b  14  A  Following  heating  at  180 ’C 10  mtns 

14c  1 1  A  Further  heating  at  300 ‘C  60  mins 

1 4d  10  A  Further  heating  at  400‘C  15  mins. 


Fig .15  The  line  shape  contribution  of  PMDA  to  the  intqmediate  (PA A) 

and  product  (PI)  in  Cls  calibration  spectra.  Note  'a'  is  a  PMDA 
hydrolysis  product 

!  5a  !  2.4.5  ben/enetetracarboxylic  acid  (BCA) 

15b  PMDA 
i  5c  PI 

!5d  ODA‘PMlM  •  P  A  A  » 


'  'X  1<>  Identification  of  the  CIs  hands  in  Polyimide 

16a  PMDA  (16  Al 
16b  QUA  (17  A* 

16c  PMDA  (16  A)  ♦  ODA  (1  A  t 
!6d  PI (11  A) 

Fig  17  Deconvolution  of  the  01s  and  Cls  spectra  for  an  1 1  A  film  of  PI 


Fig  18  A  summary  of  the  integrated  spectra  of  heat  treated 

codeposited  films  (Figs.  13-15)  Thicknesses  from  eqn  (2). 

18a  —  Total  intensity  ratios  normalised  to  22  (stoichiometric) 
carbons  in  PI. 

----  5  (stoichiometric)  oiygen 
--—2  (stoichiometric)  nitrogen 

18b  —  Total  intensity  ratio  normalised  tol8  (stoichiometric) 
phenyl  carbons  (Cl.  C3,  C4)  in  PI 
—  4  (stoichiometric)  carbonyl  carbons  (C2) 

Note  the  error  bars  are  calculated  from  the  thick/thin  film  limit 
in  equation  ( 1 ) 


Fig  19  a  summary  of  various  experiments  carried  out  during  the 
optimization  of  ultra -thin  PI  film  production  (as  followed  in 
Ms  spectra) 

19a  3  A  ODA 

19b  3  A  ODA  followed  by  a  3  A  overlayer  PMDA 

1 9c  16  A  PMDA  followed  by  I  A  overlayer  ODA 
19d  12  A  Codeposition  ODA* PMDA  Rcx»m  Temp 

1 9e  4  A  following  heating  of  him  in  19d  t<*  >no‘C  f.,r  I  hour 
i  9f  11  A  Pi 


Fu  2i]  The  proposed  bonding  configuration  of  polyimide  films  on 

poivervstalline  silver  where  the  former  has  been  formed  from 
i he  vapour  deposition  and  subsequent  heating  of  PMDA  and 
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